Modulating perceptual complexity and load reveals degradation of the visual working memory network in ageing by Wijeakumar, Sobanawartiny et al.
Author’s Accepted Manuscript
Modulating perceptual complexity and load reveals
degradation of the visual working memory network
in ageing
Sobanawartiny Wijeakumar, Vincent A. Magnotta,
John P. Spencer
PII: S1053-8119(17)30488-3
DOI: http://dx.doi.org/10.1016/j.neuroimage.2017.06.019
Reference: YNIMG14101
To appear in: NeuroImage
Received date: 10 January 2017
Revised date: 5 June 2017
Accepted date: 8 June 2017
Cite this article as: Sobanawartiny Wijeakumar, Vincent A. Magnotta and John P.
Spencer, Modulating perceptual complexity and load reveals degradation of the
visual working memory network in ageing, NeuroImage,
http://dx.doi.org/10.1016/j.neuroimage.2017.06.019
This is a PDF file of an unedited manuscript that has been accepted for
publication. As a service to our customers we are providing this early version of
the manuscript. The manuscript will undergo copyediting, typesetting, and
review of the resulting galley proof before it is published in its final citable form.
Please note that during the production process errors may be discovered which
could affect the content, and all legal disclaimers that apply to the journal pertain.
www.elsevier.com
 1 
Modulating perceptual complexity and load reveals 
degradation of the visual working memory network 
in ageing 
 
Sobanawartiny Wijeakumara*, Vincent A. Magnottab  & John P. Spencera 
 
aUniversity of East Anglia, School of Psychology, Norwich NR4 7TJ 
bUniversity of Iowa, Department of Radiology, Iowa City 52242, Iowa, U.S.A 
 
*Corresponding author: Sobanawartiny Wijeakumar. Senior Research Associate, 
School of Psychology, University of East Anglia, Norwich NR4 7TJ, U.K.  
Email: S.Wijeakumar@uea.ac.uk 
Abstract 
Previous neuroimaging studies have reported a posterior to anterior shift of 
activation in ageing (PASA). Here, we explore the nature of this shift by modulating 
load (1,2 or 3 items) and perceptual complexity in two variants of a visual working 
memory task (VWM): a ‘simple’ color and a ‘complex’ shape change detection task. 
Functional near-infrared spectroscopy (fNIRS) was used to record changes in 
activation in younger (N=24) and older adults (N=24). Older adults exhibited PASA 
by showing lesser activation in the posterior cortex and greater activation in the 
anterior cortex when compared to younger adults. Further, they showed reduced 
accuracy at loads 2 and 3 for the simple task and across all loads for the complex 
task. Activation in the posterior and anterior cortices was modulated differently for 
younger and older adults. In older adults, increasing load in the simple task was 
accompanied by decreasing activation in the posterior cortex and lack of modulation 
in the anterior cortex, suggesting the inability to encode and/or maintain 
representations without much aid from higher-order centers. In the complex task, 
older adults recruited verbal working memory areas in the posterior cortex, 
suggesting that they used adaptive strategies such as labelling the shape stimuli. 
This was accompanied by reduced activation in the anterior cortex reflecting the 
inability to exert top-down modulation to typical VWM areas in the posterior cortex to 
improve behavioral performance. 
 
1. Introduction 
Visual working memory (VWM) is a short term storage system for visual 
information that is critical for at least two central aspects of cognition - for the 
comparison of percepts that cannot be simultaneously foveated and for identifying 
changes in the world when they occur (Luck and Vogel, 1997). As a result, VWM is 
central to adaptive functions such as navigation, driving, reading, and so on. Healthy 
VWM processing is critical throughout the human life span, and deficits in VWM 
processing have serious consequences for performance during early development 
and late adulthood.  
In healthy ageing, there are marked changes in this cognitive system. Decline 
in VWM is reported to start as early as in the fourth decade of life with a drop of 0.20 
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items per decade in both verbal and spatial working memory (Salthouse 1994). 
Although these data suggest a dramatic decline in working memory function, other 
factors might also play a role: factors such as deconditioning of physiological 
processes following inactivity, arthritis, and declining motor abilities can affect 
behavioral measures such as accuracy and reaction times. One way to move 
beyond motoric deficits is to investigate brain function alongside behavior in younger 
and older adults.  
Studies of WM using functional magnetic resonance imaging (fMRI) implicate 
a distributed cortical network that spans the frontal, parietal, and temporo-occipital 
cortices (Druzgal and D’Esposito, 2003; Learmonth et al., 2002; Linden et al., 2003; 
Ma et al., 2014; Pessoa and Ungerleider, 2004; Postle, 2015; Rypma et al., 2002; 
Todd & Marois, 2005; Todd and Marois, 2004). In adults, there is generally an 
increase in blood oxygen level dependent (BOLD) activation as the number of items 
to be maintained in working memory (i.e., the load) is increased (Todd and Marois, 
2004). In the ageing brain, this trend is maintained, but older adults tend to recruit 
larger areas of the prefrontal/frontal cortex and also show greater activation than 
younger adults when the demands of a task are low, for instance, with low working 
memory load (Cappell et al., 2010; Davis et al., 2008; Reuter-Lorenz and Campbell, 
2008; Reuter-Lorenz et al., 2000). However, as load increases, older adults tend to 
show a drop or plateau in activation levels (Mattay et al., 2006). This has been 
referred to as the compensation-related utilization of neural circuits hypothesis 
(CRUNCH; Reuter-Lorenz and Campbell, 2008).  
Some cognitive studies have also reported a posterior to anterior shift in 
ageing (PASA) wherein clusters in the ageing posterior cortex show reduced 
activation while clusters in the frontal cortex show increased activation relative to 
younger adults (Anderson, 2000; Cabeza et al., 2004; Davis et al., 2008; Dennis et 
al., 2007; Grossman et al., 2002; Gutchess, 2014; Reuter-Lorenz and Campbell, 
2008; Reuter-Lorenz and Lustig, 2005; Reuter-Lorenz et al., 2000; Rypma and 
D’Esposito, 2000). More recent commentaries have discussed the nature of this shift 
in activation (see Monge & Madden, 2016 for review). It is possible that deficits in 
perceptual processing in the posterior cortex lead to increased activation in higher-
order processing centres in the anterior cortex. Alternatively, impoverished 
modulation from higher order centres in the anterior cortex might lead to problems in 
perceptual processing in the posterior cortex.  
To further clarify the relationship between the posterior and anterior cortices in 
the ageing brain, the present study builds on a recent fMRI study that modulated 
perceptual complexity and load during a visual working memory task in young adults 
(Ambrose et al. 2015). In particular, this study used a ‘simple’ color change detection 
task and a ‘complex’ shape change detection task with varying loads. Results 
showed significantly lower WM capacities for the more complex task and a selective 
modulation of posterior cortex in response to this task manipulation. In particular, 
clusters in occipital cortex, ventral occipital cortex, intraparietal sulcus, superior 
intraparietal sulcus, and middle fusiform gyrus all showed an activation plateau at 
high WM loads for the simple task, but a precipitous decline in activation at the 
highest load for the complex task.  
In the present study, we used the same modulation of task complexity in a 
VWM task with younger and older adults. The first central question was whether the 
older adults would show both lower VWM capacity overall, and also lower capacity 
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for the more complex task relative to the simple task. If so, is the modulation of the 
brain in response to the task manipulation selective to posterior cortex such as with 
younger adults? This is a critical question with PASA. We know there is some form 
of posterior decline, but is there still the potential for selective task-specific posterior 
modulation? And does this modulation resemble the effect with younger adults with a 
precipitous decline in activation for the complex task? The alternative is that the 
modulation of the brain in response to task complexity happens primarily in the 
anterior brain. A central hypothesis in PASA is that the anterior brain might be 
compensating for posterior decline. If the activation of the anterior cortex is 
compensatory, we should see differences in this activation pattern as task 
complexity is manipulated. It is possible, of course, that both the posterior and 
anterior cortices are affected by the manipulation of task complexity. Here, the 
pattern of modulation should shed light on interactions between the posterior and 
anterior brain. 
Most previous examinations of VWM at the neural level in adults have used 
fMRI. In the current study, we used functional near-infrared spectroscopy (fNIRS) 
because this technology is easier and more convenient to administer with older 
participants. fNIRS is an optical imaging technique where near-infrared light of two 
different wavelengths is shone through tissue and is selectively absorbed by oxy- 
(HbO) and deoxy- (HbR) hemoglobin. fNIRS has been used to explore neural 
function underlying a wide range of sensory (Bortfeld et al., 2007; Chen et al., 2015; 
Plichta et al., 2011; Wijeakumar et al., 2012), motor  (Gagnon et al., 2012; Huppert 
et al., 2006) and cognitive functions such as working memory, response inhibition, 
and task-switching (Cutini et al., 2008; Rodrigo et al., 2014; Wijeakumar et al., 2017). 
fNIRS is a convenient technique for investigating brain function in response to VWM 
processing because the regions of interest (ROIs) are near the cortical surface. 
fNIRS is also cheaper than fMRI, making intensive study of age-related decline more 
feasible, and older adults do not have to remain completely still in a supine position 
for lengthy periods of time. Moreover, recent innovations in fNIRS analyses allow us 
to obtain voxel-wise measures of functional activation that can be directly compared 
to fMRI data (Wijeakumar et al., 2017, 2015).  
 
2. Materials and Methods 
2.1 Participants: 
Twenty-eight younger and twenty-eight older participants took part in the 
experiment. All participants reported that they had normal or corrected-to-normal 
vision. When needed, corrected prescriptions were worn during the tasks. The final 
analyses consisted of twenty-four younger (age range: 25.4±4.3 years old) and 
twenty-four older (age range: 70.5 ±5.2 years old) participants. All participants 
signed an informed consent form approved by the Ethics Committee at the University 
of Iowa.  
 
2.2 Screening procedures: 
 Both groups of participants were asked to fill in questionnaires to assess if 
they had any health-related circumstances such as mental health problems, use of 
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medication, or surgeries that would have an impact on task performance. All older 
participants completed the Montreal Cognitive Assessment to assess the presence 
of cognitive impairment. Participants who obtained a score of less than 26 (out of 30 
points) were excluded. A score of less than 26 implied the presence of mild cognitive 
impairment. They also completed the Geriatric Depression Scale to identify the 
presence of depression. Those participants who obtained a score greater than 5 
were excluded. A score of 5 or greater might indicate the presence of depression 
and the need for a more thorough clinical investigation.  
 
2.3 Stimuli and Design: 
Details of the experimental paradigms have been described elsewhere 
(Ambrose et al., 2016). Briefly, colors and shapes were used as stimuli. Colors were 
equally distributed in CIELAB 1976 color space. We used shapes based on Drucker 
and Aguirre’s RFC-defined stimuli (Drucker and Aguirre, 2009). Four different colors 
and four different shapes were used. Each color or shape was separated by at least 
90 degrees in feature space from the other colors or shapes. The experiments were 
created and run using E-prime version 2.0 on an HP computer.  
Two variants of a Change Detection (CD) task were run (see Figure 1). In the 
‘simple’ color task, participants were presented with a memory array with colored 
stimuli of the same shape. After a brief delay, a test array was presented that was 
either the same as the memory array or one of the colors of the stimuli was changed. 
The shapes of the stimuli were held constant. In the ‘complex’ shape task, 
participants were presented with a memory array with stimuli of different shapes (all 
stimuli were of the same color). After a brief delay, a test array was presented that 
was either the same as the memory array or one of the stimuli had a different shape. 
In both tasks, participants had to indicate using a button whether the two arrays were 
the same or different. The participants were allowed to practice on a few trials to 
familiarize themselves with the tasks. The number of items presented (working 
memory load) varied between one, two or three items. Half of the participants 
performed the color task followed by the shape task, whilst the other half did the 
reverse.  
Each trial began with a fixation cross that lasted for 2500 ms. Then, a memory 
array was presented for 500 ms followed by a delay blank screen for 1200 ms. 
Finally, this was followed by a test array for 1500 ms. Inter-trial intervals were jittered 
at 1000ms (50%), 2500 ms (25%) or 3500 ms (25%). Participants completed one run 
each for the color and shape tasks. Each run consisted of 120 trials with 40 
randomized trials (20 same, 20 different) at each of the three load conditions.  
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Figure 1. ‘Simple’ color and ‘complex’ shape CD tasks. 
 
2.4 NIRS Recording and Processing: 
2.4.1 Instrumentation 
A TechEn CW6 system (12 sources and 24 detectors) with wavelengths of 
830 nm and 690 nm were used to collect fNIRS data at 25Hz. Fiber optic cables 
carried light from the machine to a customized cap designed to collect HbO and HbR 
concentration. The probe geometry consisted of 36 channels with 3 cm source-
detector separations and 4 channels with a source-detector separation of 1 cm. In 
total, there were 40 channels covering the frontal and parietal cortices. In our 
previous work, we optimized this probe geometry such that it covered ROIs from the 
fMRI VWM literature and was anchored to the 10-20 system of electrode placement 
so that the geometry could be scaled to different head sizes (Wijeakumar et al., 
2015).  
2.4.2 Pre-processing fNIRS channel data: 
fNIRS data were pre-processed using HOMER2 
(www.nmr.mgh.harvard.edu/PMI/resources/homer2). Raw data were pruned to 
include signals between 80 dB and 130 dB. Then, these signals were converted from 
intensity values to Optical Density (OD) units. Motion artifacts were detected using 
the motionArtifactByChannel function (tMotion = 1.0, tMask = 1.0, StdevThresh = 50 
and AmpThresh = 0.5) and the identified segments were corrected using the tPCA 
function (Yücel et al., 2014) [tMotion = 1.0, tMask = 1.0, StdevThresh = 50 and 
AmpThresh = 0.5], and finally, the StimRejection function was applied to reject any 
segments of data that remained uncorrected. The data were then band-pass filtered 
to include frequencies between 0.016 and 0.5 Hz. OD data was then converted to 
concentration units using the modified Beer-Lambert law. General linear models 
(GLM) were run on the HbO and HbR data separately. Each GLM consisted of six 
regressors. Each regressor was created by convolving a modified gamma function 
with square wave duration of 12 s with the onset of each trial. The six regressors 
consisted of same and different trials for loads 1, 2 and 3. Regressors were also 
constructed from those channels that served as short source-detector pairs. Signals 
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from the closest short source-detector pair were regressed from surrounding 
channels. A beta estimate was obtained for each condition, channel, chromophore 
and participant. 
2.4.3 Forward Model 
We used atlases from the Neurodevelopmental MRI Database (Fillmore et al., 
2015; Richards and Xie, 2015; Richards et al., 2016) for all participants. The age of 
each participant was used to choose the appropriate atlas from the database. Each 
atlas was segmented into separate volumes for gray matter, white matter, cerebro-
spinal fluid, and scalp tissues and assigned different values using 3dSeg from AFNI 
(Analysis of Functional Neuroimaging). These volumes were converted into 3D 
surface meshes using HOMER2. We relied on the procedures used in Wijeakumar et 
al. (2017). 
 Scalp landmarks and probe geometry for each participant were digitized using 
a Polhemus Patriot Motion Sensor. These points were projected onto each 
participant’s head atlas using a relaxation algorithm (AtlasViewerGUI - available 
within HOMER2: www.nmr.mgh.harvard.edu/PMI/resources/Homer2). Projection of 
the probe geometry onto a single participant’s age-specific segmented atlas is 
shown in Figures 2a and 2b. This probe geometry was used to run Monte Carlo 
simulations with 100 million photons to create sensitivity profiles for each channel 
(see Figure 2c). The sensitivity profiles and head volumes were converted to NIFTI 
format. The sensitivity profiles for each participant were summed together and 
thresholded to include voxels with an optical density of greater than 0.0001 (see 
Wijeakumar et al., 2015). Each subject-specific mask was transformed to MNI space 
using 3dAllineate. All subject-specific masks were then summed together to create a 
single image. Only those voxels in this image that contained data from at least 75% 
of the participants were used to create the Group mask of size 18,224 voxels (see 
Figure 2d) 
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Figure 2. (a and b) A participant’s probe geometry projected onto an age-specific atlas 
(sources are shown in red and detectors in blue). (c) Sensitivity profiles for a single 
participant after running Monte Carlo simulations with 100 million photons. (d) 3D 
reconstruction of the Group Mask. 
2.4.4 Image Reconstruction 
We relied on methodology previously developed and validated with fMRI to 
combine the sensitivity profiles with channel-specific beta coefficients to generate 
voxel-wise estimates of HbO and HbR activation for each condition and participant 
(Wijeakumar et al., 2017). Briefly, the relationship between the hemodynamic 
response (beta coefficients from the channel-specific GLM described in section 
2.3.2.) and delta optical density is given by: 
    
               
            
          
           (1) 
where, d is the source-detector distance, ε is the extinction coefficient for each 
wavelength (λ) and ppf is the partial pathlength factor. 
After accommodating for the forward model and the channel-specific beta 
coefficients, Equation (1) can be re-written as: 
[
       
                 
         
       
                 
        
]   [
    
             
         
    
             
         
]  [
       
       
] (2) 
where, F is the channel-wise sensitivity volumes from the Monte Carlo simulations. 
ΔHbOvox and ΔHbRvox are voxel-wise relative changes in HbO and HbR 
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concentrations – this is what we want to estimate in the image reconstruction 
process. We can re-write Equation (2) as: 
                (3) 
where, 
Y = [
    
  
    
  
] 
L= [
    
             
         
    
             
         
]  
and X = [
       
       
]   
To solve for X, we used Tikhonov regularization and the system in Equation (3) can 
be replaced by a ‘regularized’ system given by, 
                                                                                                       (4) 
where λ is a regularization parameter that determines the amount of regularization 
and I is the identity operator. The solution to (4) can be found by minimizing the cost 
function (Calvetti et al., 2000), 
                                        |     |      |     |
                          (5) 
where the size of the regularized solution is measured by the norm λ . |X – X0|
2. X0 is 
a priori estimate of X, which is set to zero when no priori information is available. 
After solving for X, we have voxel-wise maps of changes in concentration for each 
condition, participant, and chromophore.  
The transformation matrices used to transform the subject sensitivity profiles 
to MNI space (see section 2.3.3) were also applied to the voxel-wise maps for each 
of the conditions. The voxel-wise maps were intersected with the Group mask so that 
only those voxels contained within the Group mask would be included in the Group 
analyses.  
2.4.5 Group Analyses 
2.4.5.1 Behavioral Analyses 
Accuracy (A’) was calculated based on the hit (H) and false alarm (FA) rates 
using Aaronson and Watts’ (Aaronson and Watts, 1987) updated version of Grier’s 
formula (Grier, 1971) to compensate for below-chance performance: 
  If H ≥ FA: A’ = ½ + { [ (H - FA) * (1 + H - FA) ] / [4 * H * (1 – FA) ] }  
If H < FA: A’ = ½ - { [ (FA - H) * (1 + FA - H) ] / [4 * FA * (1 – H) ] } 
According to this formula, A’ of 1 indicates perfect performance and a score of 0.5 
indicates chance performance. A’ was calculated for each load and task for each of 
the younger and older participants. An ANOVA with one between-subjects factor 
(Age [younger and older]) and two within-subjects factors (Load [1, 2, 3] and 
Complexity [Color, Shape]) was run. Post-hoc comparisons with Bonferroni 
corrections were conducted on main effects and interactions that were significant. 
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Capacity (K) estimates were calculated for each load using Pashler’s formula 
(the appropriate formula for a 'whole array' test) given by: 
K = load * (H – FA) / (1 – FA); 
From these estimates, the maximum capacity (max K) across loads for each 
participant for each task was extracted. An ANOVA with one between-subjects factor 
(Age) and one within-subjects factor (Complexity) was run on the max K values. 
Post-hoc comparisons with Bonferroni corrections were conducted on main effects 
and interactions that were significant. 
2.4.5.1 fNIRS Analyses 
Only trials corresponding to correct responses were used for the analyses. All 
participants achieved an accuracy of 60% or greater across all the conditions. An 
ANOVA each with one between-subjects factor (Age) and three within-subjects 
factors (Load, Complexity, and Type [Same, Different]) were run separately for HbO 
and HbR concentration. The main effects and interactions from the two ANOVAs 
were corrected for family-wise errors using 3dClustSim (corrected at alpha value of 
0.05, corresponding to a cluster size threshold of 24 voxels with a voxel resolution of 
2 x 2 x 2 mm). 
We pooled the main effects and interactions from the two ANOVAs into 
‘Overall VWM’ effects and ‘Age-specific’ effects. Overall VWM effects were those 
that did not have a main effect or an interaction of Age. These included the main 
effects of Load and Complexity and the interaction between Load and Complexity. 
Age-specific effects were those that showed any effect of Age and these included 
the main effect of Age and the interactions between Age and Complexity, Age and 
Load, and Age, Load and Complexity.  
 For overall VWM effects and age-specific effects, voxels were further 
classified such that they belonged to only one type of effect. The rationale for this 
step was to ensure that the highest-level interaction effect was given priority. The 
criteria used were: (1) if the voxel contributed to a three-way and a two-way 
interaction effect, it was classified as belonging to the three-way interaction. For 
example, if a voxel showed an Age x Load x Complexity effect as well as a 
significant Age x Load interaction, that voxel was labelled as an Age x Load x 
Complexity effect. (2) If a voxel had 2 two-way interactions, it was classified as 
belonging to the interaction based on the priority of our questions in the present 
study, with Age effects receiving top priority, Load receiving second priority, and 
Complexity receiving third priority. For example, if a voxel had significant Age x 
Complexity interaction and an Age x Load interaction, it was classified as an Age x 
Load voxel. Our analyses focussed on HbO age-specific effects. All other effects are 
reported in the supplementary material.  
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3. Results 
3.1 Behavioral Results 
Accuracy (A’):  
Figure 3 shows mean and SEM for each Age, Load and Complexity. Analysis 
of variance on A’ revealed main effects of Age (F(1,46)=37; p<0.001), Load 
(F(2,71)=151; p<0.001) and Complexity (F(1,46)=159; p<0.001), as well as significant 
interactions between Age and Load (F(2,71)=11; p<0.001), Load and Complexity 
(F(2,79)=43; p<0.001), Age and Complexity (F(1,46)=6; p<0.001) and Age, Load, and 
Complexity (F(2,79)=6; p<0.01). Pairwise comparisons between levels of Load in the 
three-way interaction revealed that younger adults showed decreasing A’ with 
increasing load only in the complex task (p<0.001). By contrast, older adults showed 
decreasing A’ with increasing load in both tasks (p<0.005). Pairwise comparisons 
between levels of Complexity revealed that younger adults had greater A’ for the 
simple than the complex task only at loads 2 and 3 (p<0.001). However, older adults 
had greater A’ for the simple than the complex task at all loads (p<0.005). Finally, 
pairwise comparisons between levels of Age revealed that younger adults showed 
greater A’ than older adults at loads 2 and 3 for the simple task (p<0.01). In the 
complex task, younger adults showed greater A’ than older adults across all loads.  
 
 
Figure 3. Accuracy (A’) at loads 1, 2 and 3 for the color and shape tasks for younger and 
older participants. The pairwise comparisons for Age and Complexity that achieved significance have 
been highlighted using ‘-‘. Refer to text for pairwise comparisons between levels of Load that 
achieved significance. 
 
For max K, the main effects of Age (F(1,46)=1774; p<0.001) and Complexity 
(F(1,46)=13; p<0.002) were significant. Post-hoc comparisons revealed that the 
younger participants had greater max K values than older participants (younger = 
2.8±0.08 items; old = 2.3±0.08 items). Overall, both groups showed greater max K 
values for the color than the shape task (color = 2.8±0.05 items; shape = 2.3±0.1 
items). 
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3.2. fNIRS correspondence with fMRI literature  
HbO and HbR effects from the current study were intersected with thirty VWM 
ROIs from previous fMRI studies (pooled together from Wijeakumar et al. [2015] and 
Ambrose et al. [2016]) to explore the correspondence between our fNIRS data and 
the fMRI literature. We summarize these effects here. Full details can be found in 
Supplementary Table 1. Supplemental Figure 1 shows a montage of the overlap 
between some ROIs and clusters of activation from the current study. Out of the 
thirty ROIs, eleven overlapped with clusters of activation that were significant here 
(labelled as ‘Intersect’) and seven were close to clusters of activation that were 
significant here (labelled as ‘Adjacent’). These regions included the right superior 
intraparietal sulcus (sIPS), right IPS, bilateral anterior IPS (aIPS), bilateral ventral 
occipital cortex (VOC), bilateral dorsolateral prefrontal cortex (DLPFC), right frontal 
eye fields (FEF), bilateral occipital cortex (OCC), bilateral temporo-parietal junction 
(TPJ), bilateral inferior occipital gyrus (IOGf), right V3A and bilateral face-selective 
middle fusiform gyrus (fsMFG). Five of the remaining twelve ROIs shared the same 
MNI Atlas label as clusters of activation that were significant here (labelled as ‘Same 
label’ in table). These included left superior frontal gyrus (SFG), bilateral inferior 
frontal gyrus (IFG) and bilateral middle frontal gyrus (MFG). Out of the seven 
remaining ROIs, left anterior cingulate cortex (ACC) and left intraparietal sulcus (IPS) 
was not covered by the NIRS probe we used (labelled as ‘Not covered’ in table) as 
reported by Wijeakumar et al. (2015). Furthermore, ROIs from Ambrose et al. (2016) 
that were not included in the original study by Wijeakumar et al. (2016) such as left 
V1, left V3A and bilateral MFGf were also not covered by the probe geometry.  
3.3 Effects of Load and Complexity on HbO activation 
 HbO activation from the main effects of Load and Complexity as well as the 
interaction between Load and Complexity are shown in Supplemental Table 2. As is 
shown in Supplemental Figure 4, clusters in the posterior cortex such as left angular 
gyrus (AG) and left middle temporal gyrus (lMTG) showed increasing activation with 
increasing load in the simple task consistent with previous findings (Todd & Marois, 
2005; Todd and Marois, 2004). In addition, lAG and lMTG showed a decrease in 
activation at the highest memory load for the complex task. These results closely 
match findings from our previous fMRI VWM study (Ambrose et al., 2016).  
3.4 Age-specific fNIRS effects 
 Age-specific effects included the main effect of Age and interactions between 
Age and Load, Age and Complexity, and Age, Load and Complexity. The clusters 
with significant differences in HbO activation for each effect are shown in Table 1. 
We focus on HbO activation here since it has been more widely discussed in the 
fNIRS literature. Full details of significant HbR effects can be found in the 
Supplemental material.  
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Table 1. Main effects and interactions for age-specific effects on HbO activation. Note than F-stat 
values reported are prior to voxel classification described in section 2.3.5.1. 
  
Region Hemi 
Centre of Mass Size             
(mm3) 
F-stat 
x y z Mean SEM 
Age 
IFG R -44.9 -38.6 10 3488 6.4 0.15 
IFG L 51.8 -26 10.6 1024 4.9 0.05 
AG L 46.7 69.6 26.9 432 6.3 0.2 
ITG R -59.9 54.7 -6.3 360 4.5 0.06 
MTG R -53.2 74.5 12.1 232 5.3 0.16 
MTG L 48 63.6 20.7 144 6.3 0.21 
MTG R -47.2 70 2.5 64 6.3 0.21 
MOG R -54 75.3 -0.7 24 5.3 0.16 
ITG R -54 72 -5 16 5.3 0.16 
Age x Load 
MOG L 45.2 78.3 1.2 1208 4.1 0.05 
STG R -63.7 41.9 13.7 920 3.7 0.05 
PostCG R -51 25.6 51.4 616 3.8 0.03 
IOG R -46 78 -9.7 432 3.3 0.01 
IFG L 54.3 -18.1 19.9 312 3.7 0.1 
SMG R -54.7 31.5 40.9 264 3.4 0.04 
Age x Complexity 
IPL R -44.4 54 45.8 488 4.7 0.03 
SMG L 65.7 37.7 24.9 56 4.3 0.04 
Age x Load x Complexity 
IPL R -48.2 54.4 45.4 1624 3.8 0.04 
MFG R -34.5 -46.4 19.4 1320 4.2 0.06 
MOG L 48.8 73.2 -2 1080 3.7 0.03 
SMG L 55.2 42.7 23.6 1072 3.9 0.06 
MTG R -56.4 63.9 -0.6 656 3.6 0.05 
MTG L 61.2 49.1 10.2 320 3.8 0.08 
IPL L 51.6 47.1 47.2 304 3.6 0.07 
MFG L 44.4 -11.8 41.6 288 4.3 0.14 
SMG L 63.4 43.8 28.6 160 3.9 0.06 
 
 
3.4.1 Main effect of Age 
 A main effect of Age was observed in several clusters across the frontal, 
temporal, parietal, and occipital cortices (see Figure 4). Specifically, clusters in the 
posterior cortex such as right inferior temporal gyrus (rITG), right middle temporal 
gyrus (rMTG), and right middle occipital gyrus (rMOG) showed greater activation for 
the younger than the older adults. However, clusters in the anterior cortex such as 
the right inferior frontal gyrus (rIFG) showed greater activation for the older than for 
the younger adults. These effects are consistent with the PASA hypothesis. Note 
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that two clusters in the posterior cortex -- lAG and lMTG (shown in blue in Figure 4) -
- showed greater activation in older adults. It is possible that these regions represent 
hubs that functionally bridge the posterior and anterior cortices.  
 
Figure 4. Montage (Bottom) and bar plots showing the main effect of Age on HbO activation. (Top) 
Average HbO activation across all clusters in the anterior and posterior cortices (see Table 2), except 
lAG and lMTG. (Middle) HbO activation in lMTG and lAG clusters (circled in blue in the montage). 
3.4.2 Interaction between Age and Load 
 There was a significant interaction between Age and Load in feature–selective 
regions in the occipito-temporo-parietal cortices including lMOG, rSTG, rIOG and 
right supramarginal gyrus (rSMG; see Figure 5). Younger adults showed increasing 
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activation with increasing load as in prior studies. By contrast, older adults showed 
over-activation at the lowest load followed by a drop in activation with increasing 
load. This trend in activation is consistent with the CRUNCH hypothesis. 
Interestingly, these effects were also observed in motor and executive control areas 
such as the postCG and IFG (see Table 2) implying the spread of age-related 
deficits to higher order centres. 
 
Figure 5. Montage and exemplar bar plot showing the interaction between Age and Load for 
HbO in the activated clusters. 
 
3.4.3 Interaction between Age and Complexity 
 An interaction between Age and Complexity was observed in rIPL and lSMG 
(see Figure 6). Older adults showed lesser activation than younger adults in the 
simple task. On the other hand, they showed greater activation than the younger 
adults in the complex task suggesting the employment of adaptive strategies to cope 
with the increased difficulty of the task due to the perceptual complexity. 
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Figure 6. Montage and exemplar bar plot showing the interaction between Age and 
Complexity on HbO activation.  
 
3.4.3 Interaction between Age, Load, and Complexity 
From the behavioral results, it is clear that older adults showed a reduction in 
VWM capacity for the complex task relative to the simple task. Moreover, from the 
main effect of Age (section 3.4.1), it is clear that PASA generalized to VWM 
processing in the present study. Following from these observations, the central 
question was whether the brain response to the manipulations of perceptual 
complexity and load were selective to the posterior cortex, to the anterior cortex, or 
general across both cortices. The Age x Load and Age x Complexity effects were 
generally isolated to the posterior cortex with one notable exception (lIFG). We 
consider the Age x Load x Complexity results in this context (see Figure 7).  
Modulation of the posterior cortex:  
In the posterior cortex, the interaction between Age, Load and Complexity 
was observed in clusters in bilateral IPL, bilateral MTG, lMOG and lSMG (see 
exemplar in left subplot in Figure 7). In the simple task, younger adults showed 
increasing activation with increasing load, consistent with previous fMRI VWM 
findings (Todd & Marois, 2005; Todd and Marois, 2004; Ambrose et al., 2016). 
Younger adults in the complex task showed decreasing activation with increasing 
load. This is also consistent with the precipitous decline we observed at the highest 
load in our previous fMRI study (Ambrose et al., 2016). These data suggest 
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participants had difficulty encoding and/or maintaining representations of the 
complex shape stimuli at the highest load.  
Older adults in the simple task showed a similar trend in activation observed 
for the younger adults in the complex task (see Figure 7). In particular, as the load 
was increased, there was a decrease in activation (see also, Mattay et al., 2006; 
Quinn and Eimas, 1998; Rypma et al., 2002), suggesting that older adults had 
difficulty encoding and/or maintaining representations even in the simple color task. 
Note that activation at the lowest load was greater for older than for younger adults, 
even though both groups had comparable behavioral performance (refer to section 
3.1). These findings are in line with other reports of greater activation in older than 
younger adults at the lowest load (Mattay et al., 2006; Missonnier et al., 2011; Nagel 
et al., 2011; Nyberg et al., 2009; Schneider-Garces et al., 2010).  
Interestingly, older adults in the complex task showed increasing activation 
with increasing load. This increase with load might be a result of older adults using 
different encoding and/or maintenance strategies than the younger adults to process 
the more complex stimuli. Indeed, during de-briefing, younger adults reported using 
a ‘gestalt’ sense of the presentation arrays for both the simple and complex arrays, 
while older adults reported using naming strategies to compare the complex arrays, 
associating labels such as 'pork chop', 'rabbit', 'airplane' and 'state of Massachusetts' 
with individual stimuli. The use of such strategies is not uncommon in the ageing 
literature (Mattay et al., 2006; Paxton et al., 2008; Reuter-Lorenz and Campbell, 
2008). This interpretation is consistent with the recruitment of SMG which is 
activated in verbal working memory studies (Awh et al., 1999, 1996a; Barch and 
Csernansky, 2007; Deschamps et al., 2014).  
Modulation of the anterior cortex: 
 In the anterior cortex, an interaction between Age, Load and Complexity was 
observed in bilateral MFG. For both age groups, the pattern in lMFG across the 
simple and complex tasks was consistent with the 3-way interactions in posterior 
cortex (see exemplary subplot in the left panel of Figure 7).  
In rMFG, however, there was a different pattern. For young adults in the 
simple task, there was a decrease in activation in rMFG (see right subplot in Figure 
7). In the complex task, young adults showed the opposite pattern with an increase 
in activation with increasing load. This latter effect suggests that rMFG may play a 
modulatory role, providing top-down input in the most challenging condition. For 
older adults in the simple task, rMFG did not show any change with increasing load. 
This might reflect top-down input across loads as older adults try to maintain VWM 
performance. In the complex task, however, there was high activation at the lowest 
load, and a steep decline in activation at the highest load, reminiscent of young 
adults’ performance in Ambrose et al. (2016). At the lowest load this result might, 
once again, reflect top-down input from rMFG as older adults try to maintain 
reasonable performance in the complex task; the highest load, by contrast, might be 
well-beyond the compensatory range of rMFG as both activation and behavioral 
performance shows a sharp decline.  
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Figure 7. Montage image (center) and bar plots showing exemplary interactions between Age, Load 
and Complexity on HbO activation. (Left) Exemplar plots representative for all clusters, with the 
exception of a cluster in rMFG, for the simple (top) and complex (bottom) tasks. (Right) Bar plot for 
a cluster in rMFG (circled in blue in the montage) for the simple (top) and complex (bottom) tasks. 
 
4. Discussion 
 The objective of the current study was to understand the nature of the shift in 
activation from the posterior to the anterior cortices in the ageing adult. For instance, recent 
reviews of PASA have suggested that age-related decline in perceptual processing in the 
posterior cortex might lead to increased compensatory activation in higher-order anterior 
processing centers. Alternatively, age-related decline in anterior cortex might result in over 
activity and impoverished top-down input leading to processing deficits in posterior cortex 
(see Monge & Madden, 2016 for review). Here, we asked whether modulating perceptual 
complexity and working memory load in two variants of a visual working memory task would 
differentially modulate activation across the anterior and posterior cortices in older 
compared to younger adults.  
fNIRS reveals comparable modulation of VWM across load and complexity relative to fMRI  
To investigate these questions, we used a recently validated methodology with 
fNIRS to obtain voxel-wise measures of brain activation, enabling direct comparisons with 
the fMRI literature (Wijeakumar et al., 2017, 2015). Previous work has used fNIRS to 
explore the neural mechanisms that underlie age-related decline in working memory 
(Vermeij et al., 2016, 2014, 2012). However, these studies relied on recordings from two 
channels placed over the prefrontal cortex only and did not explore posterior cortical 
activity. In the current study, we concurrently record from the anterior and posterior cortices. 
The clusters of activation from the current study overlapped with ROIs from previous 
VWM studies, providing validation for the use of fNIRS and our methodological pipeline to 
move analyses from conventional channel-space to voxel-space. Further, overall VWM 
effects were comparable to trends reported in previous fMRI VWM studies. Specifically, 
feature-selective regions showed an increase in activation with increasing working memory 
load for the simple color task. These findings are in agreement with previous studies that 
have shown that the extra-striate cortex maintains stimulus-specific representations 
(D’Esposito and Postle, 2015; Postle, 2015; Shafritz & Marois, 2002; Todd & Marois, 2005; 
Todd and Marois, 2004). We also found decreasing activation in the complex task in 
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clusters in the posterior cortex. These patterns resembled the trends we observed in our 
previous fMRI study (Ambrose et al., 2016). In the complex task, we suggest that increasing 
competition between metrically similar shape stimuli as the memory load increases leads to 
an inability to simultaneously maintain multiple WM representations. As a consequence, 
fewer items are actively maintained at high loads, leading to a decline in neural activation.  
 
Posterior to anterior shift in ageing generalizes to VWM processing 
PASA is a common finding across age-related cognitive studies (Anderson, 2000; 
Cabeza et al., 2004; Davis et al., 2008; Dennis et al., 2007; Grossman et al., 2002; 
Gutchess, 2014; Reuter-Lorenz et al., 2000; Reuter-Lorenz and Campbell, 2008; Reuter-
Lorenz and Lustig, 2005; Rypma and D’Esposito, 2000). In the current study, we observed 
reduced activation in the posterior cortex in older adults in the lAG, rITG, MTG, rMOG, and 
rITG, suggesting a general decline in perceptual processing and/or maintenance of WM 
representations. There are a few possible reasons why the quality and/or quantity of 
perceptual / WM representations might be weakened. With senescence, the structure of the 
eye undergoes physiological changes such as the increase in density and hardening of the 
crystalline lens and reduction in the number of receptor cells. Further, there is a marked 
drop in visual acuity and contrast sensitivity (for review, see Monge and Madden, 2016). 
Electrophysiological studies in aged monkeys show a reduction in V1 synapses and the 
degradation of myelinated fibres, which results in an increase in the latency of passing 
visual information to higher order areas (Wang et al., 2005). Recent fNIRS studies also 
provided evidence to this effect at the cortical level by observing diminished HbO activation 
in older adults in response to a simple visual stimulus such as a reversing checkerboard 
(Fabiani et al., 2014; Ward et al., 2015). It is possible that such long-term perceptual deficits 
might affect the ‘baseline’ activation of the ageing posterior cortex. Such perceptual deficits 
might also have effects on higher–order centres in the anterior cortex. 
The anterior cortex is a commonly targeted site for studying age-related cognitive 
decline because it undergoes rapid loss in grey and white matter (Richards et al., 2016; 
Salat et al., 2004). Consistent with PASA, we found increased activation in the anterior 
cortex in IFG, particularly at low loads. This might reflect over activity as the anterior cortex 
tries to extract relevant information from poor perceptual / WM representations to make a 
timely decision. Alternatively, the frontal cortex might be trying to boost WM representations 
in the posterior cortex to compensate for age-related decline in posterior regions. 
Differential modulation of posterior and anterior cortices in younger and older adults 
The central question in this study was how these age-related changes in posterior 
and anterior activation might be differentially modulated by the task demands. Overall, we 
found modulation of the posterior and anterior cortices in both the younger and older adults 
as load and complexity were varied. However, the pattern of modulation differed between 
age groups.  
Younger adults showed increasing activation with increasing load in the simple task 
in parts of the posterior cortex such as the IPL, consistent with previous VWM studies 
(Linden et al., 2003; Shafritz and Gore, 2002; Todd & Marois, 2005; Todd and Marois, 
2004; Xu and Chun, 2006). The IPL is well known for its role in spatial attention, and 
activation in the IPL might be linked to covertly attending to multiple objects (Linden et al., 
2003). Regions proximal to the IPL also have functional relevance to working memory. For 
example, the intraparietal sulcus, which is dorsal to IPL, plays a key role in the maintenance 
of items in VWM (Xu and Chun, 2006). For instance, activation in the intraparietal sulcus 
increases up to the capacity of the VWM system and plateaus thereafter (Todd & Marois, 
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2005; Todd and Marois, 2004; Ambrose et al., 2016). By contrast, a region superior to the 
IPL has been shown to be more selective to complexity, but not the quantity of items being 
encoded / remembered (Xu and Chun, 2006).  
In contrast to results from the simple task, we found that increasing load in the 
complex task resulted in decreasing activation in IPL, lMOG, lSMG, and MTG. As 
suggested above, we contend that the decrease in activation at higher load reflects the 
inability to encode and/or simultaneously maintain representations of multiple metrically-
similar shape stimuli. This is consistent with previous work from our lab showing a 
precipitous decline in neural activation at high load with the same shape stimuli (Ambrose 
et al., 2016). Similarly, Xu et al. (2006) observed that activation differed from load 2 to 6 in 
the superior intraparietal sulcus and lateral occipital complex for simple but not for the 
complex shapes that they used (Xu and Chun, 2006).  
 
The anterior cortex of younger adults was also modulated by perceptual complexity and 
load. In particular, lMFG followed the pattern evident in areas of the posterior cortex, for 
instance, IPL; however, rMFG showed a different pattern. Most notably, there was an 
increase in rMFG activation over load for the complex task. This is similar to what was 
reported by Edin et al. (2003). These researchers have proposed that dorsolateral PFC 
increases baseline activation of posterior WM areas at high loads to help stabilize WM 
representations  (Edin et al., 2009). It is possible that rMFG is serving this function for 
young adults in the present study, increasing top-down input to aid the posterior cortex in 
the most challenging conditions. Taken together, then, younger adults showed modulation 
of both the posterior and anterior cortex with varying complexity and load. 
 
 Older adults also showed modulation of the posterior and anterior cortices but in a 
different manner relative to younger adults. In the simple task, older adults showed the 
same trend in activation as the younger adults in the complex task, with high activity at low 
loads and a decline in activation at higher loads. Thus, consistent with behavioral results 
showing poorer performance in the color task, older adults appear to work harder at the 
neural level to remember even simple featured objects. Notably, older adults showed 
greater activation in response to a load of 1 item in the simple task than younger adults 
despite matched behavioral performance. It is possible this reflects the degradation of the 
precision of perceptual and/or WM representations which occurs through the broadening of 
tuning curves (Reuter-Lorenz and Lustig, 2005) and/or increased perceptual noise (Cerella, 
1985; Li et al., 2001; Salthouse, 1996; Salthouse and Meinz, 1995). This decline in 
perceptual / WM representations might then necessitate over-activation in the posterior 
cortex.  
A different form of decline was evident in the complex task with increasing load 
resulting in increasing activation in verbal working memory areas such as SMG. The SMG 
has been activated in previous verbal working memory studies (Awh et al., 1999, 1996b; 
Barch and Csernansky, 2007; Deschamps et al., 2014). For instance, in a recent study, 
SMG was examined using transcranial magnetic stimulation during a same/different 
judgment task with varying levels of phonological complexity and a verbal working memory 
task with varying levels of phonological complexity and working memory load. The 
researchers found that disruption of SMG only affected verbal working memory 
(Deschamps et al., 2014). In the current study, increasing SMG activation with increasing 
working memory load in the complex task might reflect the use of verbal strategies to 
encode each shape stimulus and associate it with a label. Note that, despite increasing 
 20 
reliance on verbal working memory, behavioral performance in older adults was much 
worse than younger adults for the complex task.  
The observed decline in the posterior cortex was also accompanied by decline in the 
anterior cortex. In particular, lMFG showed the same pattern of over-activity at low load for 
the simple task and an increase in activation over load for the complex task. The latter 
effect suggests lMFG may play a role in verbal working memory or coupled to verbal 
working memory areas. Recall that we optimized the fNIRS probe geometry to record from 
VWM areas, not verbal WM areas. Thus, precisely how older adults are engaging verbal 
working memory in this task will require future examination. 
As with the younger adults, we observed a different pattern of results in rMFG. 
Degradation of perceptual and/or maintenance processes in the posterior cortex might have 
elicited a top-down influence from the rMFG to boost performance for a load of 1 item in the 
simple task. However, this level of activation was maintained without any increase as 
behavioral performance declined with increasing load and posterior activation decreased. 
This result might be related to findings from Gazzaley et al. (2008) who have shown age-
related delays in top-down suppression of task-irrelevant information during the early 
stages of visual processing as well as poorer memory of task-relevant information. rMFG 
activity in the complex task might also reflect degraded top-down influences on VWM. Here 
we found robust activation at load 1, but a precipitous decline in activation at higher loads 
as the task demands increased.  
It is important to note that differences in activation in parts of the anterior cortex 
might also reflect the differing effort needed to extract information from poorer posterior 
representations. In the current study, these two processes might be inextricably linked. 
Previous studies have, however, reported effects from top-down modulation of control on 
encoding, maintenance and retrieval processes in working memory (see Gazzaley and 
Nobre, 2012 for a review, Zanto et al., 2011). Future work should explore the possibility of 
teasing apart top-down modulation from the anterior cortex trying to extract information 
necessary for decision-making from degraded representations.  
Summary 
In the present report, we found age-related decline in both anterior and posterior 
cortices, with task-specific modulation of activation throughout the VWM network. Older 
adults showed over-activity at low loads, particularly when they were asked to remember 
simple color stimuli, with a decline in activation at higher loads. By contrast, they showed an 
increase in activation with an increase in memory load for complex shape stimuli, possibly 
reflecting the involvement of verbal working memory processes. In addition, we found 
evidence of deficient top-down compensatory activation in rMFG. Considered together, the 
present study sheds new light on changes in posterior and anterior neural activity with 
ageing, showing pervasive decline throughout the VWM network that spans anterior and 
posterior cortical regions. We suggest that future work should continue to study age-related 
decline by comparing manipulations across different tasks with varying complexity to reveal 
how the entire VWM network is modulated at it tries to compensate for structural neural 
decline with aging. 
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Highlights 
 Posterior to anterior shift in activation in ageing generalized to visual working 
memory. 
 Older adults showed reduced accuracy with increasing load in simple and 
complex visual working memory tasks. 
 Modulating perceptual complexity and load during visual working memory 
modulated anterior and posterior activation in older adults. 
 
